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- Abstract

Polarized Rainan scattering measurements have been used to study chain

orientation statistics in uniaxial hydrostatically extruded isotactic poly-

1propylene. By investigating the Cl-I2 twisting mode at 1256 cm , quantita-

tive results for <P2(cosO)> and <P~ (cosO)> have been obtained . Functions

<P2(cosO)> and <P~(cosO)> are the second and fourth moments of the orienta-

tional distribution function , where 0 is the angle between the chain axis

and the direction of extrusion. Alignment of polymer chains has been found

to increase with the increase of extrusion ratio. The measured <Pa> values

are found to be in good agreement with the birefringence data. Values of

orientational order parameter <Pu> for an extruded polymer are reported for

the first time.
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- Introduction

It is now established that imposition of hydrostatic pressure can cause

substantial changes in the mechanical behavior of po1ymers.~ r~ Hydrostatic

extrusion has in recent years become a practical technique for altering the

K mechanical properties of polymers in a controllable manner. Hydrostatic ex-

trusion gives rise to the plastic deformation of polymers and results in

changes in mol~cu1ar orientation as well as texture. At a high extrusion

ratio (which is defined as the ratio of cross sectional area of the virgin

specimen to that of the extrudate through the die) the extruded samples are

known to have highly oriented fiber structure in which stacks of folded chain

crystall i tes are presen t .~~~~~~~~
As the extent of pol~~~~ ç~ain orientation is closely related to the

mechanical and optical propertie~~of a polymer there is a considerable inter-

est in determining the orientational state of the molecules in polymers . To

date x-ray diffraction , sonic modulus and birefringence studies have been used

to determine the degree of molecular orientation in extruded samples of poly-

ethylene.4 Williams has recently studied the tensile and torsional modulii

of the hydrostatically extruded polypropylene.3 It was found that the molec-

ular orientation of the extruded polypropylene increases with increasing ex-

trusion ratio. An increase in molecular orientation is reflected by an in-

crease in the degree of transparency. Recently Yoon et al.6 have also re-

ported a study of the properties of extrudates of polypropylene. It has been

found that the c-axis orientation of chains occur upon extrusion and that the

extent of c-axis orientation is enhanced with increasing the extrusion ratio

at a given temperature. 5’6

Observation of Raman spectra and Raman intensity ratios of various vi-

brational modes at several scattering geometries is another attractive method

. 
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for obtaining molecular structure information in polymer solids. In a series

of papers Bower and coworkers7 have shown that it is possible to obtain de-

tailed quantitative information about orientational order parameters <P2(cos0)>

and <P4(coso)> in oriented polymer samples from suitable measurements of the

intensity of the Raman scattering of po larized light . The measurement of vi-

brational Raman depolarization ratios has also recently been used to study

ES molecular orjertational order in uniaxial nematic and smectic liquid crystal

samples. 8 This paper repor ts this type of Raman stud y on hydr ostat i c a l l y

extruded isotactic polypropylene samples.

Theoretical Consideration

According to x-ray studies , crystalline i sotactic pol ypropylene contains

three monomer units , -CH2-CII(CH 3)- , in one turn in a helical conformation ,
0

w ith a fiber id ent ity period of 6.50 A. 9 The skeletal chain is alternate se-

— quences of trans and gauche conformations. The molecular vibrations of an in-

f in i tely extended hel ical IPP molecul e can be analyzed under the fac tor group

of l ine group which is i somorphous to the poin t group C3. Analys is of this

factor group indicates that a total of 77 vibrational modes are distributed

among 25 totally symmetric A modes and 26 doubly degenerate I~ modes. Tadakoro ,

et al ’0 and Schachtschnejder1 have calculated the normal modes of IPP. rn

the Raman spectrum of molten IPP ,12 which is also believed to contain helical

chains ,13 it was found that A modes are po l arized and E modes are depolarized ,

in good agreement with the calculation .

For substances in the li quid and gas phase in which there is no preferred

orientational alignment in the sample , Raman scattering intensities are char-

acterized by two invariant quantities ii and A , wh i ch are defined respectively

by

_ _ _ _  

~~~~~~~~ --~~~~-



a = ~~~Tra (1)

82 = !( (a l l_ cz 12) 2 + (cz22 - a 3 3) 2 
~ ( a 3 3- a 1 1)

2 +

2 2 26 (a 1 2  + a23  + a31 )1 (2)

where a .  are the elements of Raman tensor a.

In this case, for molecules wi th C3 symmetry the depolarization ratio

for totally symmetric modes is less than and depolarization ratio for E

3modes is -
~~

. However, in the case of oriented samp les the Raman scattering

intensities may vary, depending on the scattering geometry used in the ex-

periment .

The experimental geometries to be reported here are schematically ii-

lustrated in Fig. 1. We define the space-fixed z axis in the sample as the

— 
direction of extrusion . For a given geometry (orientation I or II) and with

incident polarization indicated by a first subscript i = x ,y,z; the spectral-

ly integrated intensities are measured at two polarizations indicated by a

1 
- second subscript. The primary measurements used in subsequent analys is are

the following ratios of integrated intensities :

I I I
R = —

~~~~~ R = — ~~~~~ RI ‘ 2 ‘ ~ izz yy xz

We have carried out the calculation of Raman intensities for different

orientations using the irreducible spherical tensor algebra for isotact ic

polypropylene. In terms of irreducible spher ica l  tensors , the  kam an po lari-

zah i  1 i t y  tensor in  the space—fixed coordinate systcm is related to

the molecule-f ixed coordinate system a~ ”~ (l ,m) by

= (-1) q T . .  ( 1 ,q)
l ,m ,q

(3)

I 
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For A type vibrational modes in isotactic polypropylene the only non-vanish-

ing Raman tensors are

a~~~ (0 ,O) ~~ (2 a + b)
(4)

(A) (2 0) = -
~~~~ (b - a) —

whe re a and b aye elemen ts of Raman tensor g iven in terms of the point

group of the molecule:

(A) a
r 

= a b (5)

T..(l,q) are defined by the polarization vectors of the incident (~
(
~

) ) and scat-

tered ligh t (~~~))~ For example , for zz scattering , the on ly  non vanishing T
1~

elements are

T22(O,0) = -)~ , 
T2~ (2 ,0) = ~~ (6)

The quant i ty  ~i in the rota t ion matr ix  [) (
,~~(ç~) denotes the three  Eule r  angles

(4 , e , q )  re la t ing  the molecule fixed Loordinate system to the space-fixed lab-

oratory coordinate system (chosen to reflect  the macroscopic symmetry of the

system)

According to Eqs.  (3) and (6) the in tens i ty  I~~ for an A mode is pro-

• port ional  to

= 

~
2r a~~

1) (O ,O) + _
~~~ D ) (c~ c~~

”) (2 , O ) I 2 >

(7)

where the angular brackets indicate average over d i f f e ren t  or ientat ions .

Namely  <0> is given by

= Jo f ( c ~)d~l (8)

wher.e f (~~) is a d i s t r i b u t i o n  funct i on descr ib ing  the  o r i en t a t i o n a l  order

—---•-‘
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L t~ of molecules. This orientational distribution function can be expanded in

terms of generalized spherical harmonics and order parameters of the system .

Substitution of Eq. (3) into Eq. (7) gives

<Ia~~ 12 > = a2 + ~ a A < D ~~~ (~ ) >  + ~ <D~~~(~ ) D~~~(~ )>

(9)

The third •t erm on the right-hand s ide  of Eq.  (9) may he w r i t t e n  in terms

of Cleb sch—r1o r dan series as

(0)  (0) > = ~ (2 j  + 1) (~ ~ ~ ) < D ~~~ ( Q) > ( ~ ~
-

~~~~

= + <~~~~
) 

( 0) >  + ( 0) >  (10)

Substituting Eq. (10) into Eq. (9), we obtain

< Ia~~~ !2 > - 
a

2 + B 2 + (~~~B + ~~~ 2 ) ..p 2 > +

- 
- (11)

where the order parameters <P Q > are given by

<P ~~( cos 0) > = <D~~~(Q)> (12)

• We can also calculate the scattering intensity. For t h i s  geometry

elements are given by

T~~ (2~ ± 1) = (13)

and using this we can write

<la~~ fl2> = (44<D~~~~(0) D~~~~(0) > - ~ <D ~~~~(~~) D~~~?~( 0 ) >

+ ~<D~~~ ( ) D~~~ ( c l ) > )  I ( l ~~~~( 2 0 ) 1 2  (14) 

_~~~~~~~~~~~~—--~~~~~~~~~~~~~~ - --—•—.
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For the hydrostatically extruded isotactic polypropylene samples investi-

ga ted here , we have found that the alignment perpend i cular to the direction of

extrusion is negli g ible .  The refore , for simplicity, we assume that the dis-

tribution function has a cylindrical symmetry about t i e  c-axis. In this ap-

4. proxima tion , the probability distribution function f(cl) depends only on A and

is independen t of ~ and p . As a result , the first and third terms on the

fr righ t side of ~q. ( 14) vanish . We may again express the second term on the

right-hand side of Eq. (14) in terms of the Clcb sch-Gord an s e r i e s ,

(0) D~~?~(0)> = (2j + 1) (
~~ ~)<D~~~ (cl ) > ( ~ ~

- j =0
-
~~~~ 1 1 (2) 12 (4)

> + 
~

<
~
1oo > (15)

Substitution of Eq. (15) into Eq. (14) gives

= B2 1~ 
+ ~~<p 2> — ~5

-<P~>) (16)

- - We can also calculate the intensities and I in a similar manner. The

resul ts are

<Ia~~
2 > = A 2( ’ — 9J <p2> + !~<p4>~ (17)

= (ci
2 + i~ 2 ) - (-~ciB +

+ ~~~~~ g <p14> (18)

From Eq. (11) and Eqs. (16)-(18) we can calculate tl~ree independent intensity

ra ti os R 1, R2 and R 3. For a particular extruded sample these three ratios

give rise to three equations linear in two unknowns <P2> , <P4> with one para-

m eter given by a /B .  In addition , we can get a relation for the depolarization

ratio measured in the isotropic phase. In the isotropic phase the order para-

-— ~— -- —~~~~— -~~~~
-- - -  ~~- - — —- •~~ • —
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meters <P2> and <P4> vanish and we obtain the well known result for the depolar-

ization ratio ,

3B 2
= 

482 + 45a2 
(19)

For sol ids with perfect alignment <P2> = <P,4> = 1 and we have

4
1 > = (a +

= (a -yy

(A).2 (A) 2<Ia i > = < ia I > = 0zy xy (~0)

which are in agreement with Snyder ’s calculation for uniaxially aligned poly-

mer s of C3 symmetry.13

Exp erime ntal

The samples of hydrostatically extruded polypropylene were prepared ac-

cord ing to a techn ique described previous1y.’~’5 The hi gh pres sure con tainer

in the present vers ion consists of an extrus ion cylinder which has a 25 mm

inner diameter. The dye employed exclusively in this study has a throat of

6.0 mm diameter. The samples studied in this paper were extruded at a temper-

ature of 110°C. The rods of UBE Industries grade J 105 C polypropylene CM.!.

= 5) were used as the starting mater ials .  The mel t ing temperature of the

original material as measured with Perkin-Elmer model DSC-2 differential

scanning calorimeter was 164°C. The densi ty  of the original material was

0.9063 gm/cc.

An unex truded sample and samples wi th the extrusion ra tio , R
~
, equal

to 2.7 , 3.0, 4.5 and 6.0 were used for Raman scattering experiment. The

extruded samples could be easily cleaved along the axis of extrusion . Cleaved

-

~

--

~ 
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samples were carefully polished on all sides to minimize surface imperfec-

tions wh ich could give rise to polarization scrambling of the Raman scat-

tered light .

The R ainan spectra were obtained using a Spex 1401 double grating mono-

chromator coupled to a photon counting system . An argon ion laser tuned to

4880 A was used for excitation . The slit widths of the spectrometer were

adjusted to yield a spectral resolution of the order of 2 cm~~. The experi-

ments were done with approximately 100 mw incident power .

— The scattering geometries used in the Raman experiment are given in

Fig. 1. As already mentioned , highly polished samples of IPP were used in the

scattering experiments. To further reduce the surface scattering the extruded

samples were immersed in water.

We also checked the effect of multiple scattering within the sample on

the accuracy of the intensity ratios. This was examined by first measuring

the intensity ratio of samples by directing the incident light very close

to the surface and then by moving the incident light about 1.5 mm away from

the surface. For the 1256 cm~~ band of IPP , which gives the lowest Izy hhl zz
intensity ratio , we see no measurable polarization loss due to multiple scat-

tering. However , we were not able to obtain any polarization information

on the unextruded sample. The virgin sample is opaque (unlike the extruded

samples which are quite clear) and multiple scattering within this sample

was too large to give any meaning ful polarization data. Since even in the

most highly oriented sample that we used in this study the birefringence is

quite small ,5 we have neglected various corrections that must be made to

the observed intensities due to this effect.
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Results and Discussion

We have measured the intensity ratios of the various internal vibra-

tional modes in the hydros tat ical ly extruded isotac tic polyp ropylene. In

this paper we have chosen the 1256 cm~~ band to carry out a detailed anal-

ysis to obtain the order parame ters. The 1256 cm 1 band has been assigned

by Tadokoro et al. to be a CH2 twisting mode with A symmetry .’0 This

band gives the smallest intensity ratio R 1 of al l hand s

present in the Roman spectrum of IPP. Moreover , it is directly related to

the backbone motion of the polymer and the order parameters obtained from

this band should thus reflect the orientational distribution of the back-

bone of the polymer chain.

Figure 2 shows the intensity ratios R1, R2 of the 1256 cm
’ band of

IPP as a function of the extrusion ratio. An extremely small R1 ra tio of

0.023 at the extrusion ratio of 6.0 is observed ; this result indicates a

hi gh degree of chain orientation in such a sample. At lower extrusion ratios ,

the R
1 value is larger, thus indicating that molecules are less oriented with

respect to the direction of extrusion .

The R.
5 value for th is band can be de termined from the depol ariza tion

ratio measurement of molten IPP 12 Using the measured R.50 value and Eq. (19),

we have determined the quantity a/B to be equal to 0.310 ± 0.023 for the

1256 cm~~ band . We have then assumed that this a/B value remains constant

as the polymer is solidified . This assunption is justified as the depolar-

• ization ratios of a number of Raman bands , includ ing  the presen t one , in the

smec tic form of IPP ( in wh ich disord er in the pack ing of chains were found

to exist) are also found to have the depolari zation ratio values similar to

tha’t obtained for l iqu id  TPP. 12 In the process of carry ng out the calcula-

_ _ _  — -  - --- - - - - 
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tion to obtain <P2> and <Pu > , we have found tha t the obtained values for the

order parameters are not sen sitive to wh ether the depol ariz at ion ratio for

the isotropic li quid or that for the smc’ctic form is used .

Knowing the ~/B value and with the help of Eqs. (11), (16) and (1K) we

have calculated <P2> and <Pu > from the measured values of R and R . The
2

-

~~~~ 

determined <P2> and <Pu> are given in Fig. 3 as a function of the extrusion

ratio. Both <p 2> and <Pu> values are found to increase with increasing RE,

indica t ing tha t the degree of chain orientation increases with increasing

the extrusion ratio. At R
E 

= 6.0, the <P2> and <Pu > values are close to

unity. This indicates that at such an extrusion ratio , nearly 100~o chain

ali gnment along the direction of extrusion is obtained .

When a polymer crystallizes into an ordered lattice , the increase in the

symmetry of the molecules results in fewer and sharper bands as compared with

the spectra in the amorphous phase. Moreover , the coupling of the internal

vibrations with the intermolecular vibrations may be different in the crys-

talline phase as compared with that in the amorphous phase. As a result , the

observed Raman bands may arise excl usively from the crysta l l i n e , or from the

amorphous region or from a mix ture of the con tribu tions from both reg ions. Thus

from the origin of a vibrational band , one can obtain information about the

orientatjonal statistics of chain ali gnment in each separate region . This in-

formation is invaluable as an individual knowledge of the values of the crystal-

l ine and the amorphous orientation function is essential if the state of orienta-

t ion of a deformed polymer is to be deduced .

The 1256 cm ’ band in IPP arises from the mixture of crystalline and amor-

phous region s .~~ For this reason , the obtained <P7> and <P~~ val ues represen t

aver.ige total orientational functions. Accord ing to the tw~ pha se model , the

_
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total average orientational function F can be expressed in terms of the aver-

::~0 e t

~

tatb0m function of each phase weighted by the degree of crystallinity

P = ~F + (l_B)F
a (21)

where F
c and Fa represent the average orientation functions of the crystalline

and amorphous reg ions , respectively. In Eq. (21), F may be iden tified wi th

<P 2 > or <Pu > .

It is useful to compare the <P2> result obtained from the Raman data with

• the result obtained from birefringence measurements for IPP . Birefringence

also gives a measure of the total average molecular orienta-

tion , due to the fact that the difference in the principal refracti ve index

para l le l  and perpendicular to the direction of extrusion has contributions

from the polarizabilities of all of the molecular units in both the crystal-

line and amorphous regions in the sample. In the two phase model , the measured

birefr ingen ce A for a un iaxi al ly  or iented polycrystalline polymer may he de-

fined as15 -

A = 
~~~~~

<1 2 > + (i—8)A °<P2> (22)

wher e A° and A are the intrinsic birefring.ence for the perf ect ly or iented

crys ta l l ine  and amorph ous reg ions , respectively .

For IPP , A° and Is° have been found to be nearly equal (at room temper-

ature A ° = 0.0416 , and A = 0.0387).~ Thus we may set A °=A °=A °, and Eq. (22)

reduces to

A = A°[B<P 2> + (1
~ 8)

<P2>q ] = A d 2 > (2 3)

L. .  -
~~~~~ 

- 



We plot in Fig. 4, the values of <P2> obtained from the Raman data versus the

measured A at all extrusion ratios . The pl ot indicates that A var i es l inearly

with <P2> , thus supporting the reliability of <P2> data obtained by Raman mea-

surements.

A s imi lar  linear relat ionsh ip between A and <P2> has also been obtained

for thin films of poly (ethy lene terphthalate).7 Since one does not in gem-

eral expect B to vary s ign i f i can t ly  wi th  deformation according to Eqs . (21)

and (22) a linear relationship may ind icate one of two possibili ties: 1)

<
~2 > changes in propor tional to <p 2 > ; 2) A ° and A° are approxima tely equal.a c c a

- 
‘ For IPP , we have found that the latter is the case. It would be of interest

-
~~~~~ to investigate further the orientational functions for crystalline and amor-

phous regions in poiy (ethylene terphthalate) to determine which of the two

possibili ties is appl icable.

It is well known that x-ray diffraction can provide unambiguously <
~
‘2>c

for the crysta l l i ne  part of the polycrys tal l ine polymer. 16 Using the x-ray

techni que , Nakayaina and Kanetsuna have recently obtained the <P2>c value for

hydrostati ca l ly  extruded IPP .~~’
5 Using the reported values for B and

for IPP , we can determine <P2>a from Eq. (21). The results for <
~
2>a for IPP

are shown as a function of the extrusion ratio in Fig. 5. The previously de-

termined <P2>a for IPP obtained from the birefringence measurement are also in-

cluded for comparison . The two resul ts are in good agreemen t , ind icating

the validity of the two phase model.

We have so far centered the discussion on the orientational order para-

meters <P2> and <P2> . As poin ted out abOVe , Roman scattering of oriented poly-

crystalline polymers can also provide <Pu > . In princ iple , in order to deter-

mine the orientational statistics of chain alignment of a polymer , not only

- —.--—-•. .-. — - - - —. - -



the second moment of the orientational distribution function <P2> , bu t also

<Pu > and higher moment s are required . In the past , only - <P2> has been acces-

-
~~~~ :~ ible exper imenta l ly .  In Fig. 2 the results of <Pu> as determined for IPP at

various R
E values are given .

-
~~~~~ The interpretation of <Pu> can be made in the same manner as that of

<~2> . That is , the <P14> value arises from the crystalline as well as from

amorphous regidns (of Eq. (21)). However , unl ike  <P 2 > , there are no other

experimental data for <Pu > presently available for comparison , let alone the

<P,4> values separately for the crystalline and amorphous regions . The pre-

-
~~~~ sent result represents the first determination of <Pu > for an extruded poly-

mer.

Any theory about the orientational distribution function for chain seg-

ments in the solid polymer must therefore be consistent both with the <P2>

and <Pu> values determined experimentally.

In the case of stretched polymers the behavior of the orientational or-

der parameters <P2> and <Pu> has been described in terms two different models.

One of these is the spherical harmonics expansion based upon the segment o n -

entational distribution function for a stretching cross-linked rubber network .

This work presumes an affine transformation of the distances between crosslink-

ing points in the network. The other is the aggregate model in wh ich the poly-

mer is assumed to consis t of an aggrega te of rotating r igi d un its embedded in

a continuum . The orientational distribution function of the rotating rigid

uni ts can then he calcula ted.

Both of these models are found to give reasonable orientational distri-

hu tions for stretched polymers. These models may possibly he extended to

hydrostatically extruded polymers . However , modif icati ons of the models are

necessary , considering the fact that the process of hydros tat ic ex trusion

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



IT ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ I leads not only to an increase of chain orientation but also to a better chain

packing as well as fibril to fibri l adhesion . The experimentally determined

orientational order parameters <l’2> and <P 4 > would certainly be useful to

provide a good test for any theore tic al mod el for the or ientation statistics

of chain alignmen t of deformed polymers .

Summary and Conclus ion

The study of the intensity of different polarization components of the

vibrational Roman spectra of hydrostatically extruded isotactic polypropy-

lene has been made. By investigating the Cl-I
2 twisting mode at 1256 cm

1
,

we have obtained quantitative results for <P2> and (Pit> which are the second

and fourth moments of the orientatjonal distribution function . The <P2> values

are compared with the birefringence results at various extrusion ratios . The

good agreement between the two set of data supports the validity of the two

phase model.

Combining the present Raman results with that obtained by x-ray diffrac-

tion , we have also obtained the <P2>a 
values in the amorph ous region . The

<Pu> values have also been obtained for the first time .
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Fi gure Captions

Fig.  1 The orien tat ions of ex trud ed polypropylene samples used in the

Roman exp er im ent .  The c y l i n d r i c a l  ax is  is axis  of ex trusion

which is taken to he the z-axis.

1- , Fi g.  2 Roman Intensity Ratios R
1 

and R 2 for 1256 cm hand of poly-

propy l ene as a func ti on of ex tru sion ra tio.

Fig. 3 Experimental values of order parameters <P2> and <Pu > for ~~

as a function of extrusion ratio.

Fi g. 4 Variat ion of <P2> obtained from Raman scattering with birefrin-

gence .

Fig . 5 The result for <Pa> as a function of extrusion ratio. The <p 2>

data obtained from birefringence measurements are also includ ed

for comparison. 
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